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Abstract We report the deposition and characterization of tin
antimony sulfide thin films on a soda glass substrate by a
thermal evaporation technique. The thin films were annealed
in argon gas at 150, 175, and 300 °C inside glass ampoules.
The structural and optical properties of the deposited and
annealed films are investigated. X-ray diffraction (XRD) pat-
terns show that the films are polycrystalline in structure.
Photoconductivity plot revealed good response in the NIR
and visible regions, while the films show no transmittance
below 700 nm. The absorption coefficient was of the order of
106 cm−1. Optical band gaps were also evaluated and a de-
crease in band gap was observed due to annealing. Hot point
probe technique was employed for type of conductivity.
Keywords Annealing . Solar cell . Transmittance .
Absorption coefficient . XRD
1 Introduction
Photovoltaic is one of the fastest emerging industries with
about 40 % annual growth. In the year 2008–2009, the re-
searchers were stressed to work out alternative energy
resources due to rapid increase in the cost of fossil energy
resources. Under these circumstances, solar energy has natu-
rally the best preference in energy conversion. The most
capable solar cell devices were made from crystalline silicon.
However, thin film technology made an interesting advent in
photovoltaics with 10 % growth rate in the year 2009 [1].
Semiconductor materials are widely used for the fabrication of
the solar cell devices [2]. Silicon is definitely not a good
option for thin films due to a lot of constraints during its
processing such as high temperatures and ultra-high vacuum
production [1]. CdTe and CuInGaSe2 (CIGS) are the most
common thin film materials that have been used recently.
They have produced devices with 10% conversion efficiency;
however, these are not acceptable by the researchers and the
environmentalists due to the toxic behavior of cadmium.
Moreover, gallium and indium are expensive and rare mate-
rials [1–3]. Metal chalcogenides can possibly fill up all the
above mentioned deficiencies.
SnSb2S4 is a sulfosalt material with a band gap of
about 1 eV, which is near the optimum value of 1.5 eV
[3, 4] and possesses a very high absorption coefficient
of 104 cm−1 [5]. These qualities make this material
suitable as a new absorber layer for solar cell applica-
tions. The proposed material contains three elements Sn,
Sb, and S. Fortunately, all the three are nontoxic and do
not cause any harmful effect on the environment [3].
The present work deals with the study of the effect of
annealing temperature on the structural and optical prop-
erties of thermally deposited tin antimony sulfide
(SnSb2S4) thin films.
2 Materials and Methodology
Tin antimony sulfide (SnSb2S4) thin films were deposited on
soda lime glass substrate using SnS and Sb2S3 by means of a
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two-source thermal evaporation method. Sb2S3 used in
the experiment was of analytical grade with 99.99 %
purity and obtained from Sigma-Aldrich. SnS was ob-
tained from the tin and sulfur (powders) under the
following scheme [6, 7]. Sn and S, 0.7873 and
0.2127 g, respectively, were mixed in pestle and mortar
and annealed in quartz ampoule containing argon gas
for 24 h at 600 °C. Both the powders, Sb2S3 and SnS,
were mixed and evaporated from aluminum oxide cru-
cibles via resistive basket simultaneously in a vacuum
chamber. The pressure for the process was maintained
approximately at 2×10−5 mbar. The films were annealed
in argon atmosphere at 150, 175, and 300 °C. The films
were characterized and their properties were analyzed
[8, 9].
The structural and compositional properties of the thin
films were determined by X-ray diffraction (XRD) patterns
using the Cu Kα line (λ=0.15418 nm). The atomic com-
position of the elements was confirmed by energy disper-
sive X-ray spectroscopy (EDX). A spectrophotometer was
used to measure the photoconductivity of the prepared thin
film. The films were energized with light of variable
wavelength ranging from 300 to 1,100 nm in the dark,
and the response of the photoconductivity has been mea-
sured. The optical properties including energy band gap,
thickness, absorption coefficient, transmittance, and refrac-
tive index were investigated by using J. A. Woollam
variable angle ellipsometry (VASE). Hot point probe meth-
od measurements were carried out to find the type of
conductivity of the proposed material [10, 11].
3 Results and Discussions
Energy dispersive X-ray spectroscopy, Fig. 1, confirms
the elemental compositions of the deposited films. Ta-
ble 1 displays the compositions in terms of atomic
percentage. The EDS study shows the SbSn3.7S5.2 com-
position of the deposited compound.
Figure 2 shows the XRD patterns of the material de-
posited as thin films. The figure reveals the structure of
the deposited and the annealed films at various tempera-
tures. The patterns contain resembling peaks with a major
principal peak of SnSb2S4 at 2θ=32° [12]. These XRD
patterns consist of two transition behaviors of polycrystal-
line nature liable to their annealing temperatures: (i) de-
posited film and (ii) films annealed till 300 °C. Other
phases like Sb2S3 and SnS2 are also expected to appear
for this compound and usually appear at high annealing
temperature (above 500 °C) [13, 14]. The XRD patterns
indexed for different phases of SnS, and SnSb2S4 are
shown in Fig. 2. The XRD results confirmed the phase
SnSb2S4, since the range of annealing temperature is be-
tween 150–300 °C and the amorphous and other phases
are expected at higher annealing temperature. Also, SnS2
phases appear at low annealing temperature (100 °C and
below) as well as in the deposited films [15]. In the
deposited films, SnS, SnS2, and at higher annealing
Fig. 1 EDX spectrum of the
deposited thin film
Table 1 Elemental
composition of deposited
Sn-Sb-S compound
(atomic percentage)
S Sn Sb
52.11 37.44 10.46
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temperature (up to 250 °C), few peaks of SnxSy disappear
[16, 17].
When the annealing temperature increases, the polycrystal-
line nature increases and the annealed films have good
polycrystallinity. The grain size of the thin film was obtained
by using Scherrer’s formula [4, 18]:
D ¼ 0:9λ
βcosθ
: ð1Þ
Here,D is the grain size, λ is the wavelength of X-rays “Cu
Kα radiation in angstroms,” β is the full width at half maxi-
mum (FWHM), and θ is the Bragg angle. The “grain size D”
of the 300 °C annealed film was found by using the principal
peak of the material shown in the pattern and its average value
was found to be 124 Å. The grain size increases from 74 Å for
low-annealed samples.
The photoconductivity vs. wavelength for the deposited
and annealed thin films is plotted and given in Fig. 3. The
graph shows that the thin film annealed at 150 °C and above
has better photoconductivity. It is observed that the
photoconductivity of the films increases with the an-
nealing temperature. This increase in photoconductivity
is in optical spectral range as well as intensity. The
annealed thin films have good response in the visible
and NIR regions of the solar spectrum. The increase in
photoconductivity is attributed to the increase in the
crystallite size and reduction in impurities with anneal-
ing temperature. The increase in the annealing tempera-
ture increases the polycrystalline nature of the material
and hence the increase in grain size. The 300 °C sample
grain size is on the average 124 Å. This high value of
grain increases the exciton transitions between the
grains due to reduction in impurities as well as com-
pactness of the material. These phenomena are respon-
sible for the increase in photoconductivity of the thin
films.
The transmittance plots of the thin films in the wavelength
range 200–1,800 nm are shown in Fig. 4. The transmittance is
almost negligible till 700 nm; after that, it rises sharply due to
high absorption power of antimony. The high absor-
bance in the visible-NIR region makes the material
useful for p-n junction formation solar cells and suitable
materials for photovoltaic applications. We noted that
the transmittances of the thin films decreased with the
increasing annealing temperature. The films annealed at
300 °C have the lowest transmittance. The optical
Fig. 2 X-ray diffraction
spectrum of Sn-Sb-S in deposited
and annealed films
Fig. 3 Photoconductivity response of the as-deposited and annealed
films grown on soda lime glass substrate
Braz J Phys
spectrum of the transmittance as presented (Fig. 4)
shows that the film transmits well above the visible
region of the spectrum and tends to be constant in the
far infrared region. The 300 °C annealed film is poly-
crystalline in nature, and the grain size is maximum
which helps in reduction of the irradiance. SnS is vol-
atile and it not only deteriorates the structure but also
reduces the content of Sn in the compound. This leads
to an increase in the content of Sb in the compound
(Sn-Sb-S). Sb-rich compound reduces the transmittance
as reported earlier [19].
The plot of absorption coefficient α versus wave-
length λ for as-deposited and the annealed thin films
of the proposed material are shown in Fig. 5. The
absorption coefficient was calculated using the extinc-
tion coefficient and wavelength obtained from the
ellipsometric modeled data and fitted for suitable model
(B-spline layer) shown in Fig. 6. We used J.A Woolam
Ellipsometry to calculate the function (Ψ) containing all
the information including refractive index, extinction
coefficient, thickness etc. for each wavelength (300–
1,200 nm). The model was fitted on B-spline layer.
When the raw ellipsometric data is modeled on B-
spline layer, we export an excel file containing the
values of n and k for each wavelength (ranging from
300–1,200 nm).
The extinction coefficient “k” and absorption coefficient
“α” can be related as [20]
α ¼ 4πk=λ :
The modeled data resulted in thickness of the order
of 2 μm and the average refractive index of 3.0. The
absorption edge lies approximately at 700 nm. The
material shows high absorbance in the NIR and visible
regions of the solar spectrum making our material
suitable for solar cell application. The absorption coef-
ficient of the material is in the range of 4×105 to 8.5×
105 cm−1, thus characterizing our material as a poten-
tial material to be used as an absorber layer in solar
cell.
The prepared thin films show increasing trends in
absorbance with the increase in annealing temperature.
This is due to increase in grain size, oxygen deficiency,
and the reduced number of defects in the annealed
samples [21, 22].
The optical band gap of the films was calculated as in
reference [23] and shown in Fig. 7. The linear nature of
the plot indicates the existence of the direct transition [24].
The band gap of the deposited film is 2.66 eV whereas
the band gap of the annealed films at 150 and 175 °C is
Fig. 5 Absorption coefficient α of SnSb2S4 as-deposited and annealed
samples
Fig. 6 Modeled data of experimental curve for calculating n and k using
B-spline layer model
Fig. 4 Transmittance of SnSb2S4 as-deposited and annealed thin films
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reduced to 2.55 eV and 2.45 eV, respectively. Film
annealed at 300 °C shows much more suitable band gap
of 2.25 eV as compared to that of the films annealed at
lower temperatures. The decrease of the band gap is due
to increase in the crystal size with annealing [26]. How-
ever, antimony is also responsible for this decreasing trend
as it makes the films good absorbents by decreasing the
transmittance of the crystalline films [25].
The type of the conductivity of the films was tested by hot
point probe method. Molybdenum contacts were sputtered on
the films and produce a temperature difference between the
contacts with the help of solder ion.
The thermal Seebeck effect creates potential differ-
ence between hot and cold contacts, and the carrier type
is identified by the deflection of central-zero meter. The
free carrier diffuses more rapidly near the hot end
leading current away from the hot contact and vice
versa. The directions of electric current (toward or away
the hot contact) identify the type of conductivity [25,
26]. In this study, the instrument was calibrated for n-
type silicon wafer and then the conductivity type of thin
films was measured. The conductivity type of SnSb2S4
was calculated and was found that the deposited and
annealed films both show n-type conductivity as given
in Fig. 8.
4 Conclusion
Fine-quality tin antimony sulfide (SnSb2S4) thin films were
prepared by a thermal evaporation technique. The annealing
effect of inert atmosphere on the films has been studied and
analyzed. The annealing process has been noted to be helpful
in improving the electro-optical properties of thin film. This
may be due to a better crystalline quality and oxygen defi-
ciency after annealing.
The films were polycrystalline in nature as confirmed from
the XRD patterns. The as-deposited and low-temperature
annealed films have shown poor photoconductivity response;
however, this response increases with high annealing temper-
ature covering NIR and visible part of the solar spectrum.
There is no transmittance below 700 nm due to opaqueness of
antimony metal present in the compound. The absorption
coefficient was of the order 8×105 cm−1. The material exhib-
ited a direct band gap of 2.66 eV for the deposited and 2.25–
2.45 eV for the annealed films, respectively.
Fig. 7 Band gap of the as-
deposited and annealed films at
150, 175, and 300 °C
(a) n-type silicon     (b) as-deposited film (c) annealed film
Fig. 8 Hot point probe
calculation for the conductivity of
Sn-Sb-S thin films
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